Abstract. Recent advances in photovoltaic (PV) technologies, controls, and power converter topologies have resulted in the increasing application of green energy from solar in ship power system. However, there is very few research on the loss changes of shipboard distribution network produced by introduction of PV distributed generation. In this paper, we report on one ideal model and one model with an example of chain nine nodes distribution network for analyzing the impact and placement of ship distribution network with PV distributed generation. After empirical analyses, we concluded major results as follows: 1) the proper configuration of PV generation in the traditional power network can reduce the loss of distributed network effectively; 2) PV generation should be installed at the middle location of total loads; 3) the capacity of PV generation should approach the capacity of total loads; 4) PV generation should work at the lagging power factor.
Introduction
The loss reduction and energy saving of distribution network is one of the most important issues to be concerned in power industry. Recent advances in photovoltaic (PV) technologies, wind power technologies, tidal power technologies, controls, and power converter topologies have resulted in the increasing application of green energy from solar, wind and tidal energy in ship power system. Power loss refers to the line loss in the process of energy transfer in the grid power. Theoretical line loss model for calculating the line loss is based on the operation mode and flow distribution, grid element parameters and the actual load conditions of power system. The RMS current method, the average current method, the maximum current method, the loss factor method, and equivalent resistance method are the typically theoretical line loss calculation methods at present [1, 2] . The load curve is classified to several typical types to analyze the impact of different form factor to power loss calculation in [3] . The equivalent power method and its role in the loss allocation are introduced in [4] . Power loss minimization in the distribution network system by properly planning the renewable energy integration location and capacity is researched in [5] . The location and capacity of multiple distributed generations (DGs) and the effect on power loss of distribution network are researched in [6] . The impact on the grid load curve of demand response and electric vehicle integration is focused, and a variety of renewable energy connected to the grid can have a greater impact on peak valley difference of load and load curve [7, 8] . However, these studies mainly use formulas to derive power loss for a certain moment or scenario of the regular grid, which don't consider the applications in many different fields, such as shipboard power system. By comparing shipboard power system to regular power system, the different point depends on: isolated power grid, short transmission distance, and low line impedance, small capacity and harsh working conditions. Shipboard power system design, assessment and simulation have put forward higher requirements with the expanded scale of ship power system and hybrid propulsion technology widely used in ship. As ship power distribution network with PV distributed generation as one of the important component of shipboard power system, its grid loss calculation is particularly important to loss reduction and energy saving of distribution network. Some of the energy management, system design and system performance assessment of shipboard power system are researched. For example, reference [9] describes a power management system in the PV system of "Tengfei" ship. The system is mainly designed for implementing the monitoring, management and remote communication function, and ensuring the safety and reliability of whole PV system equipment. Reference [10] presents a ship power network topology analysis module and the power flow analysis module, and carries out an example of power flow calculation. The changes of power load flow calculation for photovoltaic ship power system are researched, using the toolbox PSAT of MATLAB Simulink [11] . However, based on the related literature, there are few research on the effect of load, placement and power factor on efficiency of shipboard distribution network with PV distributed generation.
The main methods of calculating the distribution system loss currently cover Gauss-Seidel iterative method, Newton-Raphson method and P-Q decomposition method [12] [13] [14] . The approach of calculating the power flow based on the Newton-Raphson has the virtue of fast convergent rate, high stability and precision. Therefore in this paper, we analyze the effect of load, placement and power factor on efficiency of shipboard distribution network with PV distributed generation by Newton-Raphson power flow algorithm.
In the present paper, we report on two models for analyzing the impact and placement of ship distribution network having PV distributed generation with an example of chain nine nodes distribution network. We focus on the effect of load, placement and power factor on efficiency of distribution network with PV distributed generation. In Section 2, we describe one ideal model and its simulations to show the effect. In Section 3, we present a model of ship distribution system having photovoltaic distributed generation and its simulated results and analysis. Finally, we present our conclusions and future work in Section 4.
Modeling and Simulation

Ideal Grid Structure
To study the impact of ship distribution network by adding to PV distributed generation, an ideal simple grid structure shown in Fig.1 below is used to show the effects of PV distributed generation on distribution network. Parameters of the model and their descriptions, expressions and values are shown in Table 1 . 2 shows the rate of network loss change impacted by the capacity, position and power factor of introduced PV. Distribution network loss can be effectively lowered by adding a PV system to the site which approaches the load capacity. If load capacity exceeds the half capacity of the PV system, the network loss can be reduced by introducing the PV system. It is worth noting that the loss reaches its minimum when here the load capacity is equal to the capacity of the introduced PV system. Additionally, the power factor of the introduced PV system also has an impact on the network loss. The lagging power factor of the introduced PV system can reduce loss more effectively than the leading power factor. Therefore, increasing the power factor is an effective way to reduce the network loss. We know that the proper configuration of PV generation and the traditional power network can reduce the loss of distributed network effectively. However, the position, capacity and power factor are not obtained by the ideal model. We build up an ine-node chain model of shipboard distribution network to study the question in next sub-section. 
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The relative active power of PV Figure 2 . The loss changes of the ideal grid structure influenced by the introduction of PV.
The Nine-node Chain Model of Shipboard Distribution Network
The on-ship common loads and their power factors are shown in Table 2 . We construct one nine-node chain model shown by Fig. 3 of shipboard distribution network based on the table. Fig. 3(a) is the presentation of bus impedance. Fig. 3(b) is the presentation of bus admittance. Assuming that the node voltage of node 1-8 is 220V, then the balance node voltage (node 9) is 231V. 
Power Flow Calculation of Ship Distribution Network with Photovoltaic Distributed Generation Based on the Newton-Raphson Algorithm
To study the impact and placement of ship distribution network with PV distributed generation, the Power flow of the model in Fig. 3 is calculated by Newton-Raphson algorithm. The calculation steps as follows: 1) Build up a node admittance matrix (Table 3 ) based on the presentation of bus admittance of the nine-node chain model and the list of on-ship common loads and their power factors.
2) Assuming that the node voltages of node 1-8 is 220V, then the balance node voltage (node 9) is 231V.
3 
Results
We research on the loss changes of the distributed network affected by the power factor and capacity of PV generation, and the minimum loss nodes are obtained in different constraints. As shown in Table 4 , the PV generation should work in the front of the model when its power factor is negative (leading power factor), and in the middle position when its power factor is positive (lagging power factor). The minimum loss points in different power factor are marked in Fig. 4(a) and (b) . Table 4 . The loss changes are affected by the capacity and power factor of PV generation.
PV power factor
The ratio of PV to the total load Minimum loss node -0.95 The loss changes of the distributed network are affected by the ratio of PV to the total load and position of PV generation, and the power factors of minimum loss are obtained in different constraints shown in Table 5 . To get the minimum loss, PV generation should work in the front of the model when the ratio of PV to the total load is less than 30%, and approach the middle position (node 4) with the increasing of the ratio of PV to the total load (see the first and second column of Table 5 ). However, no matter how the position and capacity changes, the power factor of PV generation works near to 0.9 (see the third column). The minimum loss points in different capacity are marked in Fig.5 (a) and (b). (a) shows the minimum loss point when the ratio of PV to the total load is less than 30%. (b) shows the minimum loss point when the ratio of PV to the total load is more than 50%. Figure 5 . The minimum loss point in different capacity. Table 6 shows the loss changes of the distributed network affected by the position and power factor of PV generation, and the maximum ratios of PV to the total load of the minimum loss are obtained in different constraints. It is worth noting that the power factor will not change the results when the PV position works in the front of the model (see the second column of Table 6 ). The minimum loss points in different position are marked in Fig. 6(a) and (b) . 
Conclusions and Discussions
In this study, we use an ideally simple grid structure to show the effects of PV distributed generation on distribution network. The first conclusion is that the proper configuration of PV generation and the traditional power network can reduce the loss of distributed network effectively. However, the position, capacity and power factor are not obtained by the ideal model. We build up a nine-node chain model of shipboard distribution network including the PV distributed generation and calculating the power flow by Newton-Raphson algorithm. After empirical analyses, major results can be concluded as follows:
1) PV generation should be installed at the middle location of total loads.
2) The capacity of PV generation should approach the capacity of total loads.
3) PV generation should work at the lagging power factor.
The results mentioned above showed that the research on the impact of distribution network affected by the PV generation plays an important role in the study field of shipboard power system. Due to the complicated construction of interconnection power system, it is difficult to determine the position, capacity and power factor parameters of introduced PV generation. Further requests will be advanced with the changes of ship power system structure.
